Solar electric propulsion (SEP) tugs in the 100-kWe range, may be utilized to preposition cargo in the Mars system to enable more affordable human missions to Phobos and to the surface of Mars. The SEP tug, a high heritage follow-on to the 50-kWe SEP spacecraft proposed for the Asteroid Redirect Robotic Mission (ARRM), would have the same structure, tankage, electric propulsion components, and avionics as the ARRM version, But with double the number of solar arrays, Hall thrusters, and power processor units (PPUs) and would be accommodated within the same launch envelope defined for ARRM. As a feasibility study, a 950-day human mission to Phobos using a conjunction-class trajectory, such as the 2033 opportunity, was developed using two 100-kWe SEP vehicles to pre-position a habitat at Phobos and propulsion stages in high Mars orbit (HMO). An architecture concept for a crewed Mars surface lander mission was also developed as a reference to build on the Phobos mission architecture, adding a lander element that could be delivered using chemical propulsion and aerocapture. 
A notional programmatic concept has been developed using these six pieces to conduct a human mission to a Phobos base in 2033 and a first landing on Mars in 2040. The purpose is to provide a reference for programmatic feasibility. An Asteroid Redirect Robotic Mission (ARRM) is being studied as a first Technology Demonstration Mission (TDM) for a 50-kWe class SEP tug. In addition to satisfying the nominal ARRM goals of characterizing a nearEarth asteroid (NEA), demonstrating techniques for redirecting an asteroid's course, and delivering a target for human exploration and asteroid resource utilization experiments in lunar orbit, ARRM would qualify a design for an affordable advanced propulsion system that could enable the human exploration of Mars in combination with the Orion and SLS vehicles currently in development. As shown in Fig. 2 , the 50-kWe SEP TDM vehicle (Block 1) is being designed to be readily extensible to a 100-kWe upgrade version (Block 1a). The capabilities of the SLS could be leveraged with the 100-kWe ARRM-based SEP tug to deliver the vehicles required in HMO with a reasonable number of launches and with a launch schedule that can be supported by the currently planned SLS ground infrastructure.
II. ARRM and SEP Technology Demonstration Mission
The ARRM would use a robotic spacecraft equipped with a high-power SEP system to redirect a small asteroid with a mass of up to 1,000 t to a long-term stable lunar orbit (Fig. 3) . The electric propulsion subsystem, with a nominal input power of 40 kW, would enable the Asteroid Robotic Redirect Vehicle (AARV) to be launched using a single Atlas V or a heavy-lift launch vehicle such as the SLS or Falcon Heavy. The ARRV would fly to a rendezvous with the target asteroid, characterize it, and perform ion beam deflection (IBD) and gravity tractor deflection experiments as a planetary protection demonstration. The ARRV would then capture the asteroid and redirect it towards the Earth's Moon to perform a lunar gravity assist to place the ARRV with its captured asteroid into lunar orbit. An Orion with crew onboard would then fly to and dock with the ARRV to begin exploration of the asteroid and to collect samples for return to Earth.
ARRM TDM SEP Tug, Block 1, 50 kWe, 10 t Xenon ARRM-Based SEP Tug, Block 1a, 100 kWe, ~12 t Xenon Figure 6 shows the performance of this same SLS/SEP delivery system to deliver a payload to the surface of Phobos. In this analysis, a 37-t payload can be delivered to Phobos with a 3.6-year flight time.
IV. Phobos Mission Architecture
With the utilization of SEP tugs to deliver and pre-position cargo elements in HMO, a mission architecture was developed that could send a crew of three, or possibly four, to a habitat on Phobos in 2033. This has been previously described by McDonald et al. 2 The following vehicles would be required: four SLS launchers, one Orion, two deep space habitats (DSH), two SEP tugs, and three chemical in-space propulsion stages. This mission concept is depicted in Fig. 7 .
A. Pre-Positioning of Cargo
The first SLS launch in the sequence would take place about 4 years prior to the departure window for the crew. A SEP tug would deliver a trans-Earth injection (TEI) biprop stage to HMO to be pre-positioned to return the crew home to Earth about 7 years later. Also included in that payload set would be a smaller biprop stage for Phobos transit after the crew arrived in HMO. It would be used to transfer the Orion and crew to Phobos and then back to HMO after the Phobos phase of the mission was completed.
The second SLS launch in the sequence would take place about 3½ years prior to the crew departure window. A SEP tug would deliver a habitat to Phobos to be robotically anchored to the surface and await the arrival of the crew. The SEP tug would remain attached to the habitat to make use of its large solar arrays to power the Phobos base.
If the Block 2 SLS was not available, cargo deliveries could be performed with the Block 1B SLS, but the delivery times would increase by a few years. 
B. Launch of Crew
The third and fourth SLS launches in the sequence would be used to send the crew to Mars in an Orion vehicle along with a DSH and a biprop stage to be used later to perform Mars orbit insertion (MOI). As shown in Fig. 4 , in the middle curve, a dual-launch scenario can be utilized to provide a greater capability for sending payloads to Mars. Note that, for the multiple launch scenarios, below certain thresholds (~50 and ~105 tons), the capabilities of the first stage(s) would have to be limited so as to keep the payload in Earth orbit, thus derating the performance curve for those regimes. In this dual-launch approach, the first launch would be used to place the DSH with MOI stage in high Earth orbit (HEO) where it would loiter for several months until a second SLS Block 2 launch would take place, timed to coincide with the desired Mars departure opportunity.
This second launch would carry the crew in an Orion vehicle to meet up with the DSH and MOI stage in HEO and then depart to Mars. In this scenario, the first phase of the launch sequence would be to inject the cryogenic upper stage with Orion into a rendezvous orbit with the DSH and MOI stage. That stack would then dock with the DSH and MOI stage. The cryogenic upper stage would be restarted at perigee to inject the combined vehicle stack to Mars. About 80 t of payload could be injected to Mars using this approach; therefore, the total mass allocation for Orion, the DSH, and the MOI stage would be about 80 t.
C. Mars Orbit and Phobos Mission Phases
After about a 250-day transit to Mars, the MOI stage would place the Orion and DSH into an elliptical HMO. The preplaced cargo elements (TMI stage and Phobos transit stage) would be in a similar orbit to facilitate a quick rendezvous of the vehicles in HMO. The vehicles would be reconfigured so that the TMI stage is docked to the DSH, and the Orion with crew is docked with the Phobos transfer stage. The Phobos transfer stage would take the Orion and crew to the Phobos habitat, already in place.
After arrival at the Phobos habitat, the transfer stage would need to be docked in a parking location on the habitat, and the Orion would dock to the entry hatch to the habitat. The crew would live in the habitat for about 1 year and perform an extensive science mission there, including extra vehicular activities (EVAs) to the surface. While at the Phobos base, the Martian moon would provide radiation shielding for ½ of their exposure field of view to the space environment.
At the conclusion of their Phobos stay, the crew would redock with the parked transfer stage and use its remaining propellant to return in the Orion to HMO to dock with the transit habitat and the TEI stage. Although this architecture requires two habitats, one for Earth/Mars transit and one for Phobos, a benefit is that a functioning habitat is left on Phobos to serve as a base that could be resupplied and occupied by future crews.
D. Return Phase
After about a 500-day mission in the Mars system, the departure window would open for Earth return. The TEI stage would be used to send the Orion and DSH on a return trajectory to Earth. After about a 250-day transit, the crew would prepare for a direct entry and landing. The Orion with crew would separate from the DSH and perform a preplanned separation maneuver and then any final corrections before entry. Just prior to entry, the Orion service module (SM) would be jettisoned, and then the crew would perform entry, descent, and landing (EDL) in the crew module (CM).
E. Potential Artificial Gravity Experiment
The notional configuration for the Orion, DSH, and MOI stage shown in Fig. 8 may have a center of mass that is 8 m or more above the base of the habitable area of the Orion CM. An experiment might be performed en route to Mars where the vehicle stack would be spun up to 3 rpm about the roll axis to provide an artificial gravity environment of about 0.1 g at the base of the Orion CM. For the solar array orientation shown in Fig. 8 , the inertial properties would have the maximum moment of inertia about the roll axis, and the cross products of inertia should be very small, resulting in a stable spin configuration. For the experiment, the roll axis would be pointed at the Sun for solar array illumination. Communication with Earth would probably have to be at a low data rate through a low gain antenna (LGA), preferably with the boresight along the roll axis. The crew might enjoy a brief period of low gravity, and there would be the potential to conduct some useful biomedical experiments.
VI. Lander Mission Architectures
There are three main types of landers under consideration for delivering humans to Mars and returning them safely to Earth. The first two are described in Addendum 2 to NASA's Design Reference Architecture 5 3 . 1) A medium-to-high L/D entry vehicle. Some designs employ what is known as an ellipsled, and some utilize a specialized biconic launch vehicle payload fairing as the aeroshell with an added Thermal Protection System (TPS). 2) A deployable aerodynamic decelerator to provide a higher ballistic coefficient for entry and descent. This could be a Hypersonic Inflatable Aerodynamic Decelerator (HIAD), which would be deployed prior to atmospheric entry, or a Supersonic Inflatable Aerodynamic Decelerator (SIAD), which would be deployed after atmospheric entry at a lower velocity. There are also concepts for mechanically deployed decelerators. 3) A traditional blunt body entry vehicle. This has been described by Woodcock, 4 and by Christian, 5 among others. This approach has the advantage of high heritage to previously flown systems and straightforward structural load paths. A possible disadvantage is that a large diameter is required that would most likely result in a hammer-head launch configuration on the SLS. The backshell of the entry vehicle could serve double duty as the launch vehicle fairing. All of these landers share in common the need for a large diameter aeroshell to be accommodated on the launch vehicle, significant constraints on center of mass, and the need for supersonic retro-propulsion for the terminal descent of the Mars landing. Propellant options include liquid oxygen (LOX)/methane, LOX/kerosene, LOX/hydrogen, and LOX/hydrazine. These all lend themselves to a strategy of producing the LOX from CO 2 in the martian atmosphere for the Mars Ascent Vehicle (MAV). Traditional space storable MMH/NTO hypergolic biprop is also a viable option, and its advantages should not be dimissed. 6 Most of the viable lander concepts that are not fractionated require a large mass allocation, with entry masses typically ranging from 80 t to 120 t.
A. Multiple SLS Launch Capabilities
As discussed for the Phobos mission architecture, a dual-launch scenario with the SLS could be utilized to provide a greater capability for sending payloads to Mars. Expanding on this bootstrap approach, a triple-launch scenario probably represents the limit of what could reasonably be injected to Mars with purely chemical propulsion using the SLS. In this scenario, the first SLS would deliver the Mars-bound payload to LEO. The second SLS launch would have no payload on top of its fully fueled upper stage. The upper stage would rendezvous and dock with the payload in LEO and be used to boost it to HEO. The third SLS launch, timed for the departure window, would also launch with no payload on top of the fully fueled upper stage. The upper stage would rendezvous and dock with the payload in HEO and be used to finally inject the payload to Mars. The top curve in Fig. 4 shows the performance attainable for the triple-launch, and, for the analysis used for this study, it could inject an impressive 125 t to Mars. This should be enough to support most crewed lander concepts that have been envisioned, if aerocapture can be used for MOI.
B. A Representative Mars Lander Architecture
The representative Mars lander architecture presented here builds on the Phobos architecture depicted in Fig. 7 so that there would be high heritage in using proven vehicles and mission profiles. As depicted in Fig. 11 , the SEP cargo missions are very similar to those in the Phobos mission. The Phobos habitat would be replaced by either a Mars orbit habitat or, more likely, a cargo version of the DSH that would be used to resupply the crewed habitat in HMO. The Phobos landing package would be replaced by a relatively small biprop stage to be used at the end of the landed mission. This MAV boost stage would operate independently under ground commanding to go through a series of aerobraking maneuvers to position it in low Mars orbit (LMO) for later use by the crewed MAV to return to HMO and dock with Orion.
The main addition to the Phobos architecture would be the delivery of the lander to HMO. If delivered with chemical propulsion, this would require three SLS launches, as described earlier. The crew would travel to HMO and return to Earth from HMO in the same way as in the Phobos mission. Figure 12 depicts the steps used to deliver the lander to HMO. The triple-launch scenario for SLS would be utilized to inject the lander on a trajectory to Mars. Just as a representative lander, a blunt body entry vehicle is shown. Upon arrival, aerocapture would be used to place the lander in HMO, with some firing of chemical thrusters on the lander to achieve final placement. The heat shield used for aerocapture would be jettisoned just after the aerobraking maneuver to reduce heat soak-back and to expose a pristine second heat shield that had been covered and protected by the first heat shield. The lander would wait in HMO for the arrival of the crew. Figure 13 describes the crew's transit to HMO. The upper stage of the SLS that delivered the crew to the DSH in HEO would be reignited to perform the TMI burn. Upon arrival at Mars, the MOI stage would place the vehicle stack in HMO. In the staging area of HMO, several vehicle reconfigurations would take place. The Orion and DSH would rendezvous with the TEI stage that had been previously place in HMO. The MOI stage would be jettisoned, and the DSH would be docked with the TEI stage. The reconfigured crewed vehicle stack would then rendezvous and dock with the habitat consumables resupply vehicle that had been previously placed in HMO. The crew would restock the DSH with all of the consumables that would be needed to support the crew for the remainder of the mission. The resupply vehicle would later be jettisoned sometime prior to the TEI maneuver along with accumulated waste. In the meantime, it could be used for additional habitable volume. Figure 14 depicts rendezvous of the crewed vehicle stack with the lander that had been previously placed in HMO. The crew would undock from the DSH in Orion and then dock Orion with the lander. The crew would transfer to the lander, and then Orion would be commanded to separate and redock with the DSH. The lander would be deorbited to begin its descent to the martian surface.
The EDL phase of the mission is shown in Fig. 15 . In this concept, just as an example, a blunt body entry vehicle is depicted that uses pure ballistic descent until a supersonic terminal velocity condition is achieved. At an optimized time in the EDL sequence, supersonic retro-propulsion would be initiated to perform the final deceleration of the lander, still taking advantage of aerodynamic braking. After going subsonic, the heat shield would be jettisoned, the landing legs would be deployed, and the terminal descent would take place to soft land the crew on the surface of Mars. This is described in more detail by Price et al. 7 The first landing mission might only be a short-stay visit, similar to Apollo 17 in scope. For later landing missions, it is envisioned that a surface habitat would be preplaced at the landing site to support lengthy surface stays. Additional cargo landers could supply exploration equipment such as pressurized rovers, surface power systems, science equipment, drilling equipment, in situ resource utilization (ISRU) packages, and consumables for resupply.
At the conclusion of the surface mission, the crew would use the MAV to launch to LMO, as shown in Fig. 16 . The MAV would dock with the pre-positioned boost stage and use that to raise their orbit to HMO to rendezvous and dock with Orion. The MAV would be jettisoned, and then Orion would redock with the DSH. From this point on, the mission profile would be identical to the earlier Phobos mission. At the proper time, the TEI stage would be used to bring the crew back home to Earth. This representative architecture assumes direct Earth entry in the Orion CM with the DSH, TEI stage, and Orion SM being jettisoned prior to entry. 
C. On-Ramping of More Advanced Technologies
The 100-kWe SEP architecture, described here as a feasibility exercise, avoids some of the advanced technologies that are typically cited as being enabling for crewed Mars missions. The benefit of using existing technologies would be reduced development cost and risk and a nearer-term development schedule. This is at the expense of some performance capability. Even with this capability-driven minimalist approach, the architecture appears technically feasible and affordable under current NASA funding levels. Development of enhancing technologies should continue and be on-ramped when they are ready. These technologies include, but are not limited to:
1) Higher powered SEP tugs with higher xenon propellant loads (e.g., 300 kWe, 25 t) 2) Cryogenic propellants for in-space propulsion (e.g., LOX, CH 4 , H 2 ) 3) ISRU and propellant production (e.g., O 2 from Mars atmospheric CO 2 ) 4) HIAD or SIAD 5) Inflatable habitats As these technologies mature and become flight ready, they should be on-ramped into the ongoing human Mars exploration program at the appropriate time if it is shown that they will be lower cost and risk, with a shorter schedule and higher performance.
VII. A Notional Implementation Program for Humans to Mars
Even more important than having a feasible architecture, a feasible programmatic implementation plan is fundamental to identifying a realizable path for the human exploration of Mars. The planning for development of a manageable vehicle set must be phased to fit within realistic funding levels for NASA. The phasing of the vehicles should also allow for testing these technologies and vehicles in the appropriate proving grounds of Earth orbit, lunar orbit, and the lunar surface before committing to the first long-duration Earth independent trip to Mars. The blue line represents the SEP tug development beginning with the ARRM operation at a near-Earth asteroid and then returning it to lunar orbit. This 50-kWe TDM SEP tug would pave the way for the high heritage Block 1a version at 100 kWe and would prove out long duration operation of the system. In 2029, using the Block 1a design, the blue line would be extending to Mars orbit with the launch of cargo to support a crewed mission to Phobos. The blue line would also enable the cargo deliveries to HMO in support of later crewed landing missions.
A. A Notional Roadmap
The purple line represents the DSH that would first have elements tested at the International Space Station (ISS) in Earth orbit. For the asteroid utilization missions, a DSH would be docked to the ARRV to allow for extended exploration missions at the asteroid and to qualify the DSH design for long journeys to deep space and Mars. The DSH/ARRV complex could also be used as the staging point for other missions including serving as the return point for robotic lunar or planetary sample return missions. The purple line would extend to Mars orbit and Phobos in 2033 as one of the enabling elements of human missions to Mars.
The gold line represents commercial vehicles to resupply ISS, send crews to ISS, and resupply the DSH at the asteroid in lunar orbit. If commercial lunar landers are developed by the private sector, the DSH/ARRV complex in lunar orbit could be used as a staging point to support those missions. The DSH/ARRV complex could also be used to support lunar landers developed by other countries for international missions.
The orange line represents the in-space chemical propulsion stage. This architecture assumes a space-storable traditional biprop system. A common design is envisioned for the stage but with some minor differences between the versions to accommodate different propellant loading requirements. High-thrust engines would be needed to reduce gravity losses during the burns. All of the stages, except for the MOI stage, need to operate independently as robotic spacecraft, so they would need to have a solar arrays, avionics, attitude control, and deep telecom, along with a docking system to allow for the vehicle reconfigurations required in HMO. The red line represents the most challenging element of the architecture, the crewed Mars lander. This is composed of two separable modules: the descent stage and the MAV. It is envisioned that the first test of this vehicle would be an uncrewed EDL test at Mars to qualify the design of the descent stage from aerocapture to deorbit and landing. This would include testing the aerocapture and entry heat shields, the aerodynamic performance and steering control, and all aspects of EDL. That test vehicle would not require a MAV or any crew support subsystems.
The development program presented here assumes a first crewed test of the full-up Mars lander vehicle on the Moon. Although the heat shield and aerodynamic features of the vehicle would not be exercised, the mechanical functions would be tested (e.g., deployments and separations). The descent stage would be underutilized, but it would have the propulsive capability to perform the lunar landing, as long as engine throttling issues were addressed. The crew could perform EVAs on the Moon to simulate and prove out many aspects of the Mars landing and surface mission. At the conclusion of the lunar surface mission, the crew would use the MAV to return to lunar orbit. Although the MAV would be underutilized for this test flight, it would have the necessary performance to execute the lunar mission and complete the qualification of the vehicle design for Mars.
After the first Mars landing mission, follow-on versions of the lander could also include surface habitats and surface cargo delivery vehicles. These all might use the same design for the descent stage. The delivered surface cargos (e.g., habitats, rovers, etc.) could be designed to fit within the mold line of the MAV to maximize commonality and reduce costs. Figure 18 presents a possible sequence and timeline for SLS launches to support NASA human exploration and robotic planetary missions going forward to the first crewed Mars landing mission. The maximum flight rate shown is one launch every 6 months in order to fit within the expected ground handling constraints and SLS production rates.
B. A Notional Launch Sequence for the SLS

C. Mass Estimates Used for These Studies
The mass estimates assumed or derived for the Phobos mission in this study are shown in Table 1 . The habitats would be of a common design, as much as possible. The MOI, TEI, and Phobos transfer stages would be of a common design, with some modifications to solar arrays, structure, and tankage, where cost effective, to avoid excess dry mass. There are some descope options possible that could provide resilience to mass problems during development:
1) Deimos could be the target rather than Phobos, reducing performance requirements.
2) The Orion SM could be used for propulsion to offset requirements on one of the in-space propulsion stages (e.g. the Phobos transfer stage). 3) More exceptions could be taken to commonality between the in-space propulsion stages and between the habitats, but there would be cost impacts. 4) Exceptions could be taken to the accepted requirements for crew accommodations. 
VIII. Conclusion
The notional architecture and roadmap described in this study for human exploration of Mars appears to be a feasible approach to achieve exploration of Phobos by 2033 and a landing on Mars by 2040. This type of phased development and set of flight missions might have the potential to be implemented without a significant spike in the NASA budget by using the key building blocks that are already being put in place in NASA's planning. It is a capabilities-driven approach rather than a requirements-driven approach and is a no-frills minimal program. This is only a reference architecture for the purpose of establishing the feasibility of an implementable and affordable path forward. Other architectures might be better, perhaps being less expensive and requiring fewer total launches over the program life cycle. Hybrid SEP/chemical concepts are being studied, for example, which might offer some significant advantages. Promising architectures can be compared against this one and the many other humans to Mars approaches that have been studied to date. Some of the key metrics that should be used for relative comparison include having lower cost, lower development risk, lower in-flight mission risk, shorter development schedule, and higher performance. Once a development path is chosen and authorized for implementation, if new technologies and higher performance options are identified and become available, then they can fold in at a later time if it is shown that they result in lower cost, a shorter schedule, and lower mission and programmatic risk.
